Heterochromatin mostly comprises repeated sequences prone to harmful ectopic recombination during double-strand break (DSB) repair. In Drosophila cells, 'safe' homologous recombination (HR) repair of heterochromatic breaks relies on a specialized pathway that relocalizes damaged sequences away from the heterochromatin domain before strand invasion. Here we show that heterochromatic DSBs move to the nuclear periphery to continue HR repair. Relocalization depends on nuclear pores and inner nuclear membrane proteins (INMPs) that anchor repair sites to the nuclear periphery through the Smc5/6-interacting proteins STUbL/RENi. Both the initial block to HR progression inside the heterochromatin domain, and the targeting of repair sites to the nuclear periphery, rely on SUMO and SUMO E3 ligases. This study reveals a critical role for SUMOylation in the spatial and temporal regulation of HR repair in heterochromatin, and identifies the nuclear periphery as a specialized site for heterochromatin repair in a multicellular eukaryote.
. Whether relocalization is a physiological response to DSBs is still controversial, and the existence of similar roles for the nuclear periphery in multicellular eukaryotes has not been addressed.
Pericentromeric heterochromatin occupies about 30% of fly and human genomes 8 and is characterized by large contiguous stretches of repeated sequences (transposons and 'satellite' repeats [9] [10] [11] ), and the 'silent' epigenetic marks H3K9me2/3 and Heterochromatin Protein 1 (HP1a in Drosophila) 12 . Although pericentromeric heterochromatin is absent in budding yeast, it represents a major threat to genome stability in multicellular eukaryotes 13, 14 . Thousands to millions of identical repeated sequences on different chromosomes can engage in ectopic recombination and generate chromosome rearrangements (for example, acentric and dicentric chromosomes) during DSB repair 13, 14 . We previously identified a mechanism that promotes HR repair while preventing aberrant recombination in Drosophila 14, 15 . Early HR steps (resection and ATRIP/TopBP1 recruitment) occur quickly within the heterochromatin domain 15 , but later steps (Rad51 recruitment) occur only after repair sites have relocalized to outside the domain 15, 16 . Relocalization of heterochromatic DSBs also occurs in mouse cells, suggesting that this mechanism is conserved 14, 17 . We proposed that relocalization prevents aberrant recombination by separating damaged DNA from similar repeats on non-homologous chromosomes, while promoting 'safe' exchanges with the sister chromatid or homologous chromosome 14, 15 . Removing heterochromatic proteins (for example, Smc5/6) results in relocalization defects, abnormal recruitment of Rad51 inside the heterochromatin domain, and massive aberrant recombination between heterochromatic sequences 15 , revealing the importance of this pathway to genome stability. Whether heterochromatic DSBs relocalize to a specific subnuclear compartment was unclear, and the mechanisms responsible for relocalization and the regulation of HR progression were unknown.
RESULTS

SUMOylation blocks HR progression in heterochromatin and promotes DSB relocalization
In Saccharomyces cerevisiae, SUMOylation mediates the relocalization of DSBs in ribosomal DNA (rDNA) to outside the nucleolus 18 and the movement of persistent DSBs to the nuclear periphery 6 . The Smc5/6 complex is required for relocalizing heterochromatic DSBs in Drosophila 15 and contains the SUMO E3 ligase Nse2 (refs 19-21) , show GFP-Nse2 relative to mCh-HP1a (heterochromatin marker 15 ) before (Unt, 0) and after exposure to ionizing radiation. Nse2 focus relocalization results in reduction of focus number inside the heterochromatin domain (IN) between 10 and 30 min after exposure to ionizing radiation (error bars: s.e.m., P = 0.0001 for 10 versus 30 min, two-tailed Mann-Whitney test, n = 9 cells from one experiment), concurrently with focus increase at the periphery of the heterochromatin domain (periphery in/out), and in the euchromatic space (OUT; ref. 15) . (b) Live imaging shows GFP-Nse2 and mCh-TopBP1 foci 15 min after exposure to ionizing radiation. (c) Immunofluorescence (left) and quantification (right) show the number of γH2Av foci co-localizing with dPIAS foci in DAPI-bright (heterochromatin 15 ) and DAPI-weak (euchromatin 15 ) at different time points after exposure to ionizing radiation. Arrowheads and zoomed details highlight co-localizations. Error bars: s.e.m., n = 100 cells for each time point from one experiment. (d) Immunofluorescence analysis (left) and quantification (right) of cells fixed 60 min after exposure to ionizing radiation show the number of γH2Av foci in DAPI-bright after RNAi depletions (P < 0.0001 for all comparisons versus Ctrl RNAi; * * P < 0.01, * * * P < 0.001, one-tailed Mann-Whitney test; n > 180 cells). RNAi efficiencies are shown in Supplementary Fig. 1e ,g-i. (e) As described in d, except cells were stained for Rad51 (P < 0.0001 for all comparisons versus Ctrl; * P < 0.05, one-tailed Mann-Whitney test; n > 200 cells). (f) Filament assay 15 and quantification (right) of cells stained for DAPI and H3K9me2 show the formation of heterochromatic DNA filaments connecting dividing cells after RNAi depletions ( * * * * P < 0.0001; n > 700 cells). Examples of filaments (left) are shown as zoomed detail of the outlined region. Rad51 RNAi efficiency is shown in Supplementary Fig. 1l . Ctrl: control. Scale bars, 1 µm (a-e) or 5 µm (f). Images are one Z -stack in c, maximum intensity projections of the nucleus in a,b,f, or Z-stacks spanning the DAPI-bright region in d,e. In d-f, the error bars represent mean ± s.d. derived from three independent experiments, whereas the sample size (n) used to determine P values is the total number of cells for each RNAi, pooled across the three experiments. Exact n values are in Supplementary Table 1. leading us to investigate the role of SUMOylation and SUMO ligases in heterochromatin repair. First, we determined that SUMO ligases are present at heterochromatic DSBs by monitoring the recruitment of these proteins to repair foci induced by exposure to ionizing radiation. Nse2 is broadly enriched in the heterochromatin domain in the absence of ionizing radiation exposure 15 (Fig. 1a) . However, shortly after exposure to ionizing radiation and similar to other early repair components (for example, TopBP1/ATRIP (ref. 15)), Nse2 is recruited to foci inside the heterochromatin domain that co-localize with the DSB markers γH2Av and TopBP1 (Fig. 1a,b and Supplementary  Fig. 1a ). Other Smc5/6 subunits form foci with similar kinetics (Supplementary Fig. 1b) , and Nse2 focus formation depends on the core subunits Smc5 and Smc6 ( Supplementary Fig. 1c ), suggesting that Nse2 is recruited to heterochromatic DSBs as part of the Smc5/6 
GFP-Dgrn * * * * * * * * * * * * * Figure 2 STUbL/RENi proteins work with Smc5/6 to relocalize heterochromatic DSBs. (a) Immunofluorescence (left) and quantification (right) of cells fixed before and after exposure to ionizing radiation show the number of γH2Av foci in DAPI-bright or DAPI-weak after RNAi depletions (error bars: s.e.m.; * * * * P < 0.0001 and * P < 0.05 for dRad60 or Dgrn RNAi versus Ctrl RNAi, one-tailed Mann-Whitney test with n > 140 cells per time point per RNAi condition from one experiment). Note: because of the low number of foci in DAPI-bright, DAPI-weak focus numbers are similar to total foci. See Supplementary Fig. 2a ,b for RNAi efficiencies. (b) As described in a except cells were fixed only 60 min after exposure to ionizing radiation ( * * * * P < 0.0001, n > 160 cells). Epistasis was confirmed at other ionizing radiation doses ( Supplementary Fig. 2d ). (c) Immunoprecipitation (Ip) of dRad60 in cells expressing FHA-dRad60 and GFP-Dgrn before (−) and 45 min after (+) exposure to ionizing radiation (20 Gy) , and western analysis with anti-GFP, HA and tubulin (loading control) antibodies. (d) As described in c except dRad60 Ip (left) was done in cells expressing FHA-dRad60, and Dgrn Ip (right) in cells expressing GFP-Dgrn; western analyses were done with anti-HA (left), GFP (right), Smc5, Smc6 antibodies.
Actin or a nonspecific band ( * ) is the loading control. (e) As described in b except cells were stained for Rad51 ( * * * * P < 0.0001, n > 190 cells).
(f) Quantifications show the number of DNA filaments connecting dividing cells after RNAi depletions and filament assay (n > 700 cells). Smc5/6 and Ctrl RNAi samples are from Fig. 1f . (g) Immunofluorescence of cells expressing GFP-Dgrn (top) and FHA-dRad60 (bottom), and stained for nuclear periphery (Nup153, zoomed detail), and either GFP (top) or HA (bottom). (h) Immunofluorescence of cells expressing FHA-dRad60 and GFP-Dgrn after RNAi depletions. Effects on dRad60 and Dgrn associations with the periphery are shown in zoomed details. Ctrl/C: control. Scale bars, 1 µm. WCE: whole cell extract. Images are maximum intensity projections of Z -stacks spanning the DAPI-bright region in a, or middle Z -stacks in g,h. In b,e,f, the error bars represent mean ± s.d. from three independent experiments, whereas the sample size (n) used to determine P values in b,e is the total number of cells for each RNAi, pooled across the three experiments. Exact n values are in Supplementary  Table 1 . Unprocessed original scans of western blots are shown in Supplementary Fig. 7 .
complex. Yeast Nse2/Mms21 shares numerous targets with the SUMO E3 ligases Siz1 and Siz2 (refs 22-25) , homologues of Drosophila dPIAS (ref. 26) . dPIAS is also recruited to heterochromatic repair foci with kinetics similar to ATRIP/TopBP1 (Fig. 1c and ref. 15 ). Bright dPIAS foci frequently overlap with dim γH2Av foci, and vice versa (Fig. 1c) , and the peak of dPIAS focus intensity temporally precedes that of γH2Av ( Supplementary Fig. 1d ), suggesting that dPIAS recruitment to DSBs precedes γH2Av spreading. These data suggest an early function of Nse2 and dPIAS SUMO ligases at heterochromatic DSBs. We then examined the roles of Nse2, dPIAS and SUMOylation in DSB relocalization. Most DSBs move to outside the heterochromatin domain between 10 and 30 min after exposure to ionizing radiation 15 , resulting in a low number of γH2Av foci inside the domain at later times 15 . Defective relocalization, for example, after Smc5/6 Supplementary Fig. 3a . (c) Quantification of an experiment performed as described in b except analysis was done only at 60 min after exposure to ionizing radiation (P < 0.0001 for Nup153, Nup107, or Nup160 RNAi versus Ctrl RNAi, with n > 180 cells). RNAi efficiencies and effects on nuclear pore stability are shown in Supplementary Fig. 3a ,b. (d) As described in b (error bars: s.e.m.; * * * P < 0.005 and * * P < 0.01 for Koi+Spag4 versus Ctrl RNAi, two-tailed Mann-Whitney test with n > 80 cells for each time point and RNAi condition from one experiment). RNAi efficiencies are shown in Supplementary Fig. 3a . (e) As described in c (P < 0.05 for Koi RNAi versus Ctrl RNAi, P < 0.0001 for all other RNAi versus Ctrl RNAi, * P < 0.05, two-tailed Mann-Whitney test with n > 170 cells). (f) As described in c. Similar numbers of persistent γH2Av foci are observed in DAPI-bright after Nup107+Koi+Spag4 RNAi, or Nup107+Koi+Spag4+Smc5/6 RNAi, and both are higher than control and Smc5/6 RNAi (P < 0.0001, n > 160 cells). Ctrl: control. Scale bars, 1 µm. Images are maximum intensity projections of Z -stacks spanning the DAPI-bright region. In c,e,f, the error bars represent mean ± s.d. from three independent experiments, whereas the sample size (n) used to determine P values is the total number of cells for each RNAi, pooled across the three experiments. Exact n values are in Supplementary Table 1 .
depletion by RNAi, results in higher numbers of γH2Av foci inside the domain at 60 min after exposure to ionizing radiation 15 ( Fig. 1d) , without affecting the total number of repair foci 15 ( Supplementary  Fig. 1f ). We observed similar effects after Nse2 or dPIAS RNAi ( Fig. 1d and Supplementary Fig. 1f ), whereas Smc5/6 recruitment to heterochromatin and damage foci is unaffected in these conditions ( Supplementary Fig. 1j ). Simultaneous depletion of Nse2 (or Smc5/6) and dPIAS results in additive effects, that is, higher numbers of γH2Av foci retained in the heterochromatin domain compared with each individual RNAi ( Fig. 1d and Supplementary Fig. 1f) , and the magnitude of this effect resembles that of SUMO RNAi ( Fig. 1d and Supplementary Fig. 1f ). We conclude that relocalization of heterochromatic DSBs requires SUMOylation and is mediated by the partially redundant SUMO ligases Nse2 and dPIAS.
Next, we investigated whether SUMOylation also contributes to preventing HR progression and aberrant recombination in heterochromatin. Rad51 mediates the strand invasion step of HR, and Rad51 foci form at heterochromatic DSBs only after repair sites have relocalized to outside the domain 15 . Similar to Smc5/6 RNAi (ref. 15 ), Nse2 or dPIAS RNAi results in abnormal formation of Rad51 foci inside the heterochromatin domain at 60 min after exposure to ionizing radiation, without affecting the total number of Rad51 foci ( Fig. 1e and Supplementary Fig. 1k ). RNAi depletion of Nse2+dPIAS has additive effects, resulting in levels of Rad51 foci in heterochromatin equivalent to SUMO RNAi ( Fig. 1e and Supplementary Fig. 1k ). In addition, similar to Smc5/6 RNAi (ref. 15 ), Nse2 and dPIAS RNAi results in formation of Rad51-dependent heterochromatic DNA filaments between dividing cells (Fig. 1f) , reflecting aberrant recombination between repeated sequences 15 . We conclude that SUMOylation by Nse2 and dPIAS prevents Rad51 recruitment to heterochromatic DSBs and aberrant recombination in heterochromatin, in addition to promoting DSB relocalization. STUbL/RENi proteins work with Smc5/6 to relocalize heterochromatic DSBs Several HR components are SUMOylated during repair 23, 24, 27 , and they might promote DSB relocalization by interacting with SUMO-binding components outside the heterochromatin domain 28 . Candidates for this function are SUMO-targeted ubiquitin ligases (STUbLs) that regulate HR progression in yeast and mammalian cells 1, 2, 7, [29] [30] [31] . STUbLs are functionally related to RENi family proteins (Rad60/Esc2/Nip45 homologues) 32, 33 , which contain SUMO-like domains interacting with STUbLs (refs 32,34,35) . Although the role of RENi proteins is still enigmatic, the Schizosaccharomyces pombe RENi/Rad60 protein is also a known Smc5/6 interactor 36 . RNAi depletion of Drosophila STUbL/Dgrn (ref. 37) or RENi/CG4449 (ref. 34) (hereafter dRad60) results in persistent γH2Av foci in heterochromatin (Fig. 2a) , without affecting the kinetics of euchromatic foci, or the total number of foci (Fig. 2a ). This reveals a role for Dgrn/dRad60 in heterochromatic DSB relocalization. Epistasis analysis indicates that Dgrn, dRad60 and Smc5/6 regulate heterochromatin DSB relocalization through the same pathway: individual depletions produced levels of persistent heterochromatic γH2Av foci similar to Dgrn+dRad60 or Dgrn+dRad60+Smc5/6 RNAi ( Fig. 2b and Supplementary Fig. 2c,d ). Importantly, neither Dgrn nor dRad60 RNAi affects Smc6 or Nse2 recruitment to heterochromatin and repair foci ( Supplementary Fig. 2e ), indicating that Dgrn/dRad60 act downstream of Smc5/6 to promote DSB relocalization. Interestingly, Dgrn and dRad60 constitutively interact (Fig. 2c ), but only associate with Smc5/6 in response to exposure to ionizing radiation (Fig. 2d ). dRad60 RNAi does not affect Smc5/6-Dgrn interactions ( Supplementary Fig. 2g ), suggesting that dRad60 is not an Smc5/6-Dgrn 'adaptor' and may instead regulate Dgrn activity 25, 38, 39 . We conclude that Dgrn and dRad60 regulate DSB relocalization downstream of Smc5/6, most probably by promoting Dgrn/dRad60 interactions with Smc5/6 and/or its SUMOylated targets.
Yeast STUbL and RENi proteins prevent aberrant recombination 1, 7, [40] [41] [42] and regulate the levels of Nse2 SUMOylation targets 25 , suggesting that Drosophila STUbL/RENi could contribute to preventing Rad51 recruitment inside the heterochromatin domain. However, unlike Nse2 and/or dPIAS RNAi, neither Dgrn nor dRad60 RNAi induces abnormal recruitment of Rad51 within the heterochromatin domain, or generates heterochromatic DNA filaments between dividing cells (Fig. 2e ,f and Supplementary Fig. 2h ).
We conclude that the block to HR progression inside the heterochromatin domain and DSB relocalization to outside the domain are genetically separable pathways; SUMOylation is required for both, but STUbL and RENi proteins contribute only to relocalization. Identification of this role for Dgrn and dRad60 prompted us to search for other components specifically involved in relocalization. Intriguingly, Dgrn and dRad60 are enriched at the nuclear periphery (Fig. 2g) , with dRad60 peripheral localization depending on Dgrn (Fig. 2h ). This localization of Dgrn/dRad60 suggests a role for the nuclear periphery in relocalizing heterochromatic DSBs.
Nuclear pores and INMPs are required for relocalizing heterochromatic DSBs
In S. cerevisiae, association of persistent DSBs with the nuclear periphery is mediated by nuclear pores 1, 5, 6 or the SUN domain protein Mps3 (refs 2,5,6). Destabilizing Drosophila nuclear pores by Nup153 RNAi (ref. 43 ) results in persistent γH2Av foci in heterochromatin ( Supplementary Fig. 3b ,c), indicating a role for nuclear pores in relocalizing heterochromatic DSBs. To identify specific components involved, we RNAi depleted other pore subunits not essential for pore integrity 43 ( Supplementary Fig. 3b ), focusing on sub-complexes facing the nuclear interior that are more likely to interact with chromatin ( Fig. 3a) . Relocalization defects were observed after RNAi depletion of the outer ring subunits Nup107 or Nup160 (Fig. 3b,c and Supplementary Fig. 3d ,e), but not after depletion of other basket components, inner ring subunits, and linker Nups ( Fig. 3c and Supplementary Fig. 3d ,e). We conclude that the pore outer ring is specifically required for relocalizing heterochromatic DSBs. Notably, the Nup107-160 complex is not required for transport through pores 43 , suggesting that the observed relocalization defects are not due to defective transport.
Next, we investigated the role of INMPs, specifically the Drosophila Mps3 homologues Koi and Spag4 (ref. 44 ). Koi+Spag4 RNAi results in persistent γH2Av foci in heterochromatin ( Fig. 3d and Supplementary Fig. 3f ); both Koi and Spag4 are independently required for relocalizing heterochromatic foci, with Spag4 RNAi resulting in a slightly stronger relocalization defect compared with Koi RNAi (Fig. 3e and Supplementary Fig. 3g ). Simultaneous RNAi depletion of these INMPs together with Nup107 or Nup153 has an additive effect relative to individual RNAi depletions, or Koi+Spag4 RNAi ( Fig. 3e and Supplementary Fig. 3g ). Additionally, Smc5/6 RNAi does not aggravate the relocalization defect observed after Nup107+Koi+Spag4 RNAi (Fig. 3f and Supplementary Fig. 3h,i) . We conclude that both nuclear pores and INMPs work in concert with Smc5/6, but independently from each other, in relocalizing heterochromatic DSBs.
Nuclear pores and INMPs recruit STUbL/RENi to the nuclear periphery and work with STUbL/RENi for DSB relocalization Nuclear pores and INMPs are mostly associated with the nuclear periphery, similar to Dgrn/dRad60, and could mediate the recruitment of these STUbL/RENi components to the periphery. We first determined whether Dgrn and dRad60 co-localize with nuclear pores and/or INMPs. Nuclear pores, Koi and Spag4 largely co-localize at the resolution of wide-field fluorescence microscopy, but form separate clusters after Lamin RNAi (Fig. 4a and ref. 45 ). Koi colocalizes with Lamin clusters, and Spag4 co-localizes with nuclear pore clusters ( Supplementary Fig. 4b ). Dgrn and dRad60 co-localize with both Koi and nuclear pore/Spag4 clusters (Fig. 4b) , suggesting that STUbL/RENi are associated with both nuclear pores and INMPs at the nuclear periphery.
Next, we investigated the role of nuclear pores and INMPs in recruiting STUbL/RENi proteins. Simultaneous RNAi depletion of Nup107, Koi and Spag4 results in complete loss of Dgrn and dRad60 at the nuclear periphery (Fig. 4c) , without affecting Dgrn/dRad60 protein levels ( Supplementary Fig. 4c ). We noticed that RNAi depletion of Nup107 alone, or Koi+Spag4, has partial effects ( Supplementary Fig. 4d ), indicating that nuclear pores and INMPs are partially redundant for Dgrn/dRad60 recruitment. Notably, Nup153 is still associated with the pores after depletion of Nup107+Koi+Spag4 ( Supplementary Fig. 4e ), yet Dgrn/dRad60 are dissociated from the nuclear periphery, indicating that Nup153 is not sufficient to tether Dgrn/dRad60 to the pores. Thus, the pore outer ring, and Koi and Spag4 INMPs, act as specific and independent anchoring sites for STUbL/RENi at the nuclear periphery.
Similar to STUbL/RENi, Nup107 and INMPs are required for relocalizing heterochromatic repair foci (Fig. 3) , but not for blocking Rad51 recruitment inside the heterochromatin domain: RNAi depletion of nuclear pore components and INMPs does not result in Rad51 foci inside the heterochromatin domain after exposure to ionizing radiation, or formation of heterochromatic DNA filaments connecting dividing cells ( Supplementary Fig. 4f,g ). Additionally, neither Dgrn nor dRad60 RNAi aggravates the relocalization defect observed after Nup107+Koi+Spag4 RNAi ( Fig. 4d and Supplementary Fig. 4h ). We conclude that nuclear pores and INMPs work in the same pathway as Dgrn/dRad60 to promote relocalization of heterochromatic DSBs, most probably by anchoring Dgrn/dRad60 to the nuclear membrane.
Heterochromatic DSBs relocalize to the nuclear periphery
The requirement of nuclear membrane-associated proteins in relocalization suggests that heterochromatic DSBs move to the nuclear periphery during repair. However, INMPs and outer ring pore subunits also play independent roles in the nucleoplasm [46] [47] [48] [49] , requiring more direct evaluation of the role of the nuclear periphery in relocalization. First, we observed that repair foci become enriched at the nuclear periphery between 10 and 60 min after exposure to ionizing radiation, concurrent with relocalization of heterochromatic DSBs away from the heterochromatin domain 15 ( Fig. 5a and Supplementary Fig. 5a ). Preventing relocalization of heterochromatic DSBs by HP1a or Smc5/6 RNAi (ref. 15 ) markedly reduces the number of repair foci at the nuclear periphery ( Fig. 5b and Supplementary  Fig. 5c ), to levels observed in the absence of exposure to ionizing radiation (Fig. 5a) . Strikingly, this suggests that most DSBs associated with the nuclear periphery at 60 min after exposure to ionizing radiation are heterochromatic, which was confirmed by observing that nearly 80% of repair sites associated with the nuclear periphery are enriched for H3K9me2/3 (Fig. 5c ). These DSBs are mostly localized at the tips of protrusions extending from the main bulk (g) Fluorescence in situ hybridization/immunofluorescence of cells fixed before and after exposure to ionizing radiation, stained for AACAC and DAPI plus γH2Av or Rad51. Left: Example of nuclear periphery (DAPI periphery)-associated AACAC signals co-localizing with γH2Av 60 min after exposure to ionizing radiation (zoomed detail and arrowheads). Right: Quantification of the distance to nuclear periphery of AACAC associated (+) or not associated (−) with γH2Av/Rad51 foci (error bars: s.e.m.; * P < 0.05, * * P < 0.02, * * * P < 0.01, * * * * P < 0.0001, two-tailed Mann-Whitney test with n > 14 foci for each time point from one experiment). Ctrl: control. Images are middle Z -stacks of nuclei. Exact n values are in Supplementary Table 1. of the heterochromatic domain (Fig. 5c) , which form when DSBs relocalize 15 . At the nuclear periphery, γH2Av foci largely co-localize with Rad51 and Brca2 (a mediator of Rad51 recruitment 50, 51 ; Fig. 5d ), and Mu2/Mdc1 (a γH2Av-binding protein 15, 52 ) co-localizes with Rad51 ( Supplementary Fig. 5d ), suggesting that HR repair progresses at these sites.
Second, association of DSBs with the nuclear periphery requires nuclear pores and INMPs. Nup107+Koi+Spag4 RNAi markedly reduces the number of repair foci at the nuclear periphery (Fig. 5b) without affecting the total number of repair foci ( Supplementary  Fig. 5c ). This effect is more pronounced than after Nup107 or Koi+Spag4 RNAi (Fig. 5b and Supplementary Fig. 5c ), indicating that nuclear pores and INMPs independently recruit heterochromatic DSBs to the nuclear periphery. Accordingly, repair foci associated with the nuclear periphery co-localize with both nuclear pore and INMP clusters (Fig. 5e) . Epistasis analysis demonstrates that HP1a, Smc5/6 and Dgrn work in the same pathway as Nup107+Koi+Spag4 to promote relocalization of DSBs to the nuclear periphery ( Fig. 5b and Supplementary Fig. 5c ). As Nup107, Koi and Spag4 anchor Dgrn/dRad60 to the nuclear periphery, we conclude that nuclear pores and INMPs mediate the relocalization of heterochromatic DSBs to the nuclear periphery through STUbL/RENi.
Nup107, Koi and Spag4 may promote relocalization by anchoring heterochromatic repair sites to the nuclear periphery after they Smc5/6 RNAi) and quantification (right) of cells stained for DNA (DAPI), heterochromatin (H3K9me2), and nuclear periphery (Nup107 or Nup153), after RNAi depletions and ionizing radiation treatment (data before exposure to ionizing radiation are in Supplementary Fig. 6e ). ( * P < 0.05, * * P < 0.01, * * * P < 0.001, two-tailed Mann-Whitney test, n > 190 cells per RNAi). ± H3K9me2: micronuclei with/without H3K9me2 signals. (e) Images (left) and quantification (right) of chromosome preparations from larval neuroblasts processed for AACAC/359-bp satellite fluorescence in situ hybridization show chromosome abnormalities in mutants versus controls (error bars: s.e.m., * * * P < 0.001, two-tailed Mann-Whitney test, n > 40 karyotypes per genotype from at least two independent crosses). Images show extra satellites (arrows), centromeric/pericentromeric fusions (dRad60 and smc5, arrowheads), fourth-second chromosome fusion (dPIAS, arrowhead), chromosome arm losses (dashed circles). The diagram of Drosophila chromosomes indicates satellite positions. Protein levels for smc5 alleles are in Supplementary  Fig. 6f . Ctrl: control. Images in d,e are maximum intensity projections of Z -stacks. In c,d, error bars represent mean ± s.d. from three independent experiments, whereas the sample size used to determine P values is the number of cells pooled across the three experiments. Exact n values are in Supplementary Table 1. have left the heterochromatin domain. If true, the movement of heterochromatic repair foci should be less constrained and cover a larger volume in the absence of anchoring components. Live imaging of GFP-Mu2/Mdc1 foci and mean square displacement (MSD) analysis 3, 4 revealed that Nup107+Koi+Spag4 RNAi leads to increased dynamics of foci that exit the heterochromatin domain (that is, larger volume explored, Fig. 5f ). This indicates that nuclear pores and INMPs limit the movement of heterochromatic repair sites by tethering repair sites to the nuclear periphery.
Finally, we confirmed that heterochromatic DSBs move to the nuclear periphery by measuring the distance between heterochromatic satellite repeats and the nuclear periphery before and after exposure to ionizing radiation. Damaged AACAC repeats (AACAC signals 15 colocalizing with γH2Av foci) become progressively closer to the nuclear periphery between 10 and 60 min after exposure to ionizing radiation, whereas the distance for undamaged repeats does not change (Fig. 5g) . Interestingly, AACAC satellites co-localizing with Rad51 foci are always adjacent to the nuclear periphery (Fig. 5g) , suggesting that relocalization precedes Rad51 loading. We conclude that damaged heterochromatic repeats relocalize to the nuclear periphery, where Rad51 is recruited.
Relocalization is required for heterochromatin repair and stability
We directly tested the hypothesis that nuclear periphery association is a prerequisite for Rad51 recruitment to heterochromatic DSBs using live imaging of ATRIP foci, whose intensity decreases during Rad51 recruitment 15 . ATRIP focus intensity remains constant inside the heterochromatin domain and during relocalization, but significantly decreases at the nuclear periphery (Fig. 6a) . Further, Nup107+Koi+Spag4 RNAi causes loss of peripheral association and a progressive increase in ATRIP focus intensity (Fig. 6a) , which could result from extensive resection 53, 54 and/or prolonged checkpoint signalling 55, 56 when repair is halted. We conclude that nuclear periphery anchoring is required for ATRIP displacement from heterochromatic DSBs and HR progression.
These results uncover the importance of DSB relocalization in heterochromatin HR progression, but do not reveal whether the relocalization pathway is essential for completing repair or other repair pathways take over in its absence. We addressed this question by determining the consequences of defective relocalization for DNA repair and genome stability. First, Nup107+Koi+Spag4 RNAi results in accumulation of γH2Av foci associated with the heterochromatin domain over time. Most foci are still present in heterochromatin 20 h after exposure to ionizing radiation, a time point when γH2Av foci are largely resolved in control cells and in the euchromatic space of Nup107+Koi+Spag4-depleted cells (Fig. 6b and Supplementary Fig. 6b ). Persistent heterochromatic γH2Av foci extensively co-localize with TUNEL (TdT-mediated dUTP nick end labelling) signals ( Supplementary Fig. 6c ), suggesting that they represent unrepaired breaks. Consistent with a repair defect, RNAi depletion of relocalization components (that is, Nup107+Koi+Spag4, dRad60+Dgrn, Nse2+dPIAS, or Smc5/6) also reduces cell survival after ionizing radiation exposure ( Fig. 6c and Supplementary Fig. 6d ). We conclude that relocalization of heterochromatic DSBs to the nuclear periphery is critical for timely completion of repair and cell viability after damage.
Second, inactivation of the relocalization pathway triggers the formation of ionizing-radiation-induced micronuclei containing heterochromatin marks (Fig. 6d and Supplementary Fig. 6e ). Most micronuclei are not labelled by nuclear pore markers, suggesting that they represent 'disrupted micronuclei' 57 that lost the nuclear membrane (Fig. 6d) . Micronuclei result from chromosome missegregation 58 , and are a hallmark of repair defects and genome instability in cancer cells 57 . This phenotype further demonstrates the importance of DSB relocalization for heterochromatin repair and stability.
Finally, fly mutants lacking relocalization components exhibit significant genome instability in larval neuroblasts, including aneuploidy, chromosome fusions, and changes in the number of satellites (Fig. 6e) . Most fusions and aneuploidies involve the predominantly heterochromatic fourth and Y chromosomes, or regions proximal to the centromere (Supplementary Fig. 6g ), as expected for defective heterochromatin repair. These phenotypes are observed without exposure to ionizing radiation, most probably caused by defective repair of spontaneous DSBs that form during cell divisions in larval development. We conclude that DSB relocalization to the nuclear periphery is critical for heterochromatic DNA repair and stability, and for maintaining genome integrity, in both cultured cells and dividing tissues of the organism.
DISCUSSION
These studies reveal the nuclear periphery as a specialized site for repairing heterochromatic DSBs in Drosophila (Fig. 7) . DSBs leave the heterochromatin domain and relocalize to nuclear pores or INMPs to continue HR repair, and this process is mediated by STUbL/RENi proteins associated with these nuclear periphery components. We identified the Nup107-160 sub-complex and Koi and Spag4 INMPs as specific anchoring sites for the STUbL/RENi complex Dgrn/dRad60 and for repair sites. Further, recruitment of dRad60 to the nuclear periphery relies on Dgrn, and both physically associate with Smc5/6 in response to damage. This suggests that interactions between Smc5/6 and Dgrn/dRad60 stabilize the association of heterochromatic DSBs with the nuclear periphery. Finally, Nse2 and dPIAS SUMO ligases and SUMO are required for both relocalizing DSBs and preventing Rad51 recruitment inside the heterochromatin domain.
We propose that SUMOylation of one or more HR components after resection generates a temporary block to Rad51 recruitment inside the heterochromatin domain to prevent ectopic recombination. Relocalization to the nuclear periphery isolates the broken DNA, presumably together with its homologous template (sister chromatid and/or homologous chromosome) to complete 'safe' repair. STUbL might mediate the removal of this block by ubiquitylating polySUMOylated components 59 , and inducing their proteasome-mediated degradation 32, 35, 60, 61 or recognition by other repair proteins 62 . Potential SUMOylated targets include histones 6, 63 and heterochromatin 66, 67 components. Inactivation of this pathway causes instability of repeated sequences and chromosome aberrations, revealing its critical role in heterochromatin repair and genome integrity. Importantly, inactivation of this pathway also leads to disrupted micronuclei, potentially contributing to DNA damage and genome instability in cancer cells 57 . Aspects of this pathway are surprisingly similar to the mechanism that targets persistent DSBs to the nuclear periphery in S. cerevisiae 1, 2, 5, 6 , including the role of Smc5/6 and SUMO (C. Horigome, S.M. Gasser and colleagues, personal communication).
This most probably results from common signalling mechanisms, such as SUMOylation of repair components following extensive resection 1, 6, 24, 54 . However, this similarity is unexpected because budding yeast lacks the long stretches of pericentromeric repeats that present a major challenge for DSB repair in Drosophila and human cells, as well as H3K9 methylation and HP1 proteins that are required for spatial and temporal regulation of heterochromatic HR repair 15 . Remarkably, a pathway used by yeast to deal with a rare class of 'persistent' DSBs (refs 1,2,5,6 ), collapsed forks 1, 7 or eroded telomeres 68 is now emerging as one of the most important mechanisms to safeguard genome stability in multicellular eukaryotes.
METHODS
Methods and any associated references are available in the online version of the paper. 
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METHODS
Cell culture. Kc167 (Kc) cells were used for all experiments and were maintained as logarithmically growing cultures in Schneider's medium (Sigma) + FBS (Gemini). Kc cells were authenticated by the Drosophila Genomic Resource Center (DGRC) and no mycoplasma contamination was detected 71 .
Ionizing radiation treatments. Cultures were exposed to ionizing radiation using a 160 kV X-ray source (X-RAD iR-160, Precision X-Ray). We use a range of gray (Gy) at which the damage response (estimated on the basis of the number of γH2Av foci) increases linearly with dose, and corresponds to nearly sublethal doses for controls (more than 90% survival at 2.5-10 Gy, Fig. 6c) . A dose of 5 Gy was used for most experiments, unless otherwise indicated. The estimated number of DSBs induced by 5 Gy in Drosophila cells is approximately 7.5 DSBs in G1 and 14 DSBs in G2, which is based on published estimates of DSB numbers in mammalian cells 72 , and the current estimates of genome sizes for human versus Drosophila cells. In kinetic analyses of fixed cells, time 0 (Unt) corresponds to cells fixed without exposure to ionizing radiation. In time-lapse experiments, time 0 (Unt) corresponds to cells imaged 5-10 min before ionizing radiation treatment.
Generation of cell lines expressing tagged proteins. Stable lines were
obtained by co-transfecting the plasmid of interest with pCoHygro (Invitrogen) or pCoPuro (Addgene) and selecting in the presence of 100 µg ml −1 hygromycin B (Invitrogen) or 2 mg ml −1 puromycin (Enzo Life Sciences). Transfection was performed with DOTAP (Roche) or Cellfectin (Life Technologies), according to manufacturers' procedures.
Plasmids. pCopia-GFP-Mu2/Mdc1, pCopia-mCherry-HP1a, pCopia-GFP-Smc5, pCopia-GFP-Nse6 and pCopia-GFP-Nse2 plasmids were previously described 15 . With the exception of Brca2, all other GFP-and FHA-tagged proteins were generated by insertion of PCR-amplified coding regions of cDNAs from DGRC. Clone numbers were: Nse1 (GM14348), Nse3 (RE25453), Nse4 (IP09347), Dgrn (GM01182), dRad60 (RE23302), Spag4 (IP10153), and LaminC (LD31805). Detailed information is available on the DGRC web site (http://dgrc.cgb.indiana.edu). Brca2 was PCR amplified from pAc5.1-HA-dmBrca2 (ref. 50 ; gift from A. Ashworth). All PCR products were cloned into AscI/PacI-digested pCopia-LAP-EGFP vectors 73 , or pCopia-3XFLAG-StrepII-HA vectors 15 . dsRNA synthesis and sequences. dsRNAs were prepared with the MEGAscript T7 Kit (Applied Biosystems). Amplicons for Bw, Smc5, Smc6, Rad51 and HP1a were previously described 15 . Amplicons used for all other dsRNAs were: DRSC04980/DRSC04991 for Koi, DRSC02973 for Spag4, DRSC01999/DRSC39982 for Nup107, DRSC07721/DRSC28335 for dPIAS, DRSC12154/DRSC38144 for Dgrn, DRSC15580 for dRad60, DRSC03359/DRSC28152 for Lamin/DmO, DRSC19904/DRSC32510 for Nup153, DRSC03611/DRSC38466 for SUMO, DRSC05958/DRSC39824 for Mtor, DRSC01997/DRSC02774 for Nup160, DRSC19432/DRSC32817 for Nup205, DRSC16221/DRSC40302 for Nup93-2, DRSC06827/DRSC26470 for Nup50. Sequences can be found on the DRSC website (http://flyrnai.org). When two amplicons are indicated, we combined equal amounts of both dsRNAs for better efficiency of protein depletion. The second set of amplicons for Nup153, mentioned in Supplementary Fig. 3b , was: BKN45147/DRSC32511.
RNAi depletion.
For most experiments dsRNAs were transfected with DOTAP (Roche) following the manufacturer's instructions. In Supplementary Fig. 2g , RNAi depletion was executed using a soaking method previously described 74 . Briefly, 15 µg ml −1 of dsRNA was added to 200 ml of 2.5 × 10 6 cells ml −1 in medium lacking FBS; next cells were incubated for 30 min at room temperature with mild shaking before re-adding FBS. dsRNA derived from the brown (bw) gene was used as control in all experiments. Incubation times and dsRNA amounts were optimized to maximize depletion efficiency while avoiding toxicity and cell cycle effects. Unless otherwise indicated, cells were treated with dsRNAs for 5 days; Lamin and SUMO were depleted for 4 days. We note that RNAi depletion of nuclear pore components or INMPs does not affect the mCh-HP1a signal or the formation of Nse2 foci (GFP-Nse2 signals after exposure to ionizing radiation), indicating that the heterochromatin domain and early DSB response are intact in these RNAi conditions. Additionally, all kinetics resulting from RNAi depletion must be compared with cells treated with control dsRNAs, because the γH2Av peak shifts from 10 min after exposure to ionizing radiation in non-RNAi experiments (Fig. 1a,c) to 30 min after exposure to ionizing radiation in RNAi controls 15 (for example, Fig. 2a ).
Fluorescence in situ hybridization (FISH), immunofluorescence (IF), TUNEL and imaging of fixed samples. The FISH/IF protocol used in Fig. 5g was previously described 75, 76 . Chromosome preparation and FISH protocols used in Fig. 6e were previously described 77 . AACAC and 359-bp probes for Fig. 6e were designed as previously described 77 and were purchased from Integrated DNA Technologies. Probe sequences are: 5 -6-FAM-(AACAC) 7 and 5 -Cy5-TTTTCCAAATTTCGG TCATCAAATAATCAT-3 , respectively. IF without Triton extraction was used for most experiments as previously described 76 . IF staining of Dgrn, dRad60 and Koi was preceded by a Triton extraction step: cells were first settled on polylysinecoated slides, and rinsed twice with CSK Buffer (10 mM PIPES pH 7, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 ), and then incubated for 5 min with CSK buffer plus 0.5% Triton X-100. Next, cells were rinsed once in CSK buffer and once in PBS before fixation. The TUNEL assay was performed as previously described 78 . Imaging and image processing for fixed cells was described previously 15, 76, 78 , and similar approaches were used for imaging chromosome preparations.
Quantification of repair foci in fixed samples. In IF experiments, classification of foci inside or outside the DAPI-bright region was done as previously described 15 . Classification of foci inside and outside the heterochromatin domain in Fig. 6b and Supplementary Fig. 6b ,c was done by analysing the position of foci relative to the H3K9me2 staining in each of the Z-stacks. Foci associated with the heterochromatin domain were either inside the H3K9me2 domain, at the periphery of the domain, or at the tips of H3K9me2 protrusions (these categories are similar to those defined previously for the HP1a domain 15 , and used in Fig. 1a) . Classification of foci at the nuclear periphery was done by analysing the position of foci relative to a nuclear periphery marker (Lamin, Koi, Nup107 or Nup153). Only the middle Z-stack of each nucleus was used for these quantifications, corresponding to the Z-stack where the nuclear periphery signal is more distinct.
Cell imaging and processing in time-lapse experiments. Time-lapse experiments and quantification in Fig. 1a were performed as previously described 15 . For MSD analyses in Fig. 5f , and focus intensity analyses in Fig. 6a , cells were imaged with 40-s time intervals for 60 min starting from 3-5 min after exposure to ionizing radiation. Ten Z-stacks at 0.8 µm distance were imaged for 0.005 ms for GFP, and 0.015 ms for mCherry. The Coolsnap HQ2 camera was set at 2 × 2 binning for maximizing the intensity of the light collected and minimizing light exposure. All videos were corrected to compensate for modest photobleaching effects using softWorks (Applied Precision/GE Healthcare). For each nucleus, four stationary and spatially distant foci were tracked with Imaris (Bitplane) and the 'correct drift' function of Imaris was applied to these tracks for registering the nucleus. Foci were tracked in three dimensions using a semi-automated method and manually corrected to ensure optimal connections between time points. For Fig. 5f , 1.7 Gy was used rather than 5 Gy, thus reducing the average number of Mu2 foci per nucleus and the frequencies of ambiguous tracks. Focus positional data were extracted in Excel and analysed in Matlab (MathWorks) using a customized script to derive MSD values. MSDs were calculated as described in ref. 4 . For Fig. 6a , focus intensity data were extracted with Imaris and analysed in Excel. We identified the time intervals associated with the movement of each focus in the different zones defined in Fig. 6a , and focus intensity values were normalized to the initial intensity in each zone.
Filament assay. The filament assay was performed as previously described 15 . Briefly, 250 µl of 8 × 10 6 cells ml −1 were spun down after prolonged RNAi depletions (6.5 days), gently resuspended in 100 µl of media, transferred to a polylysine-coated slide, allowed to settle for 12-15 min, and fixed for IF.
Ionizing-radiation-sensitivity assay. To determine cell sensitivity to ionizing radiation we adapted the Multicolour Competition Assay described in ref. 79 to Drosophila cells. Briefly, to determine the sensitivity of cells depleted for a protein of interest relative to control RNAi, cells expressing GFP were treated with control dsRNA, and cells expressing mCherry were treated with dsRNA for the protein of interest (day 0). On day 3, a second round of RNAi was started on the same cultures. On day 4, cells were spun down and washed twice in medium to remove RNAs, combined at 1:1 ratio, and irradiated with 2.5, 5, 7.5 or 10 Gy. On day 7 cells were imaged and quantified. To determine the sensitivity of control cells we used a similar procedure, with the exception that both GFP-and mCherry-expressing cells were treated with dsRNA for a control protein on day 0. On day 4, mCherryexpressing cells were irradiated and then combined at 1:1 ratio with non-irradiated GFP-expressing cells.
Micronucleus assay. For detecting micronuclei ( Fig. 6d and Supplementary Fig. 6e) dsRNAs were added on day 0, 3 and 7. Cells were irradiated with 10 Gy on day 4, fixed on day 11, and processed for IF analysis. Micronuclei were detected as DAPI-positive signals outside the nuclear periphery.
Apoptosis assay. For detecting apoptotic cells, dsRNAs were added on day 0, 3 and 7. Cells were irradiated on day 4, fixed on day 11, and Immunoprecipitation (Ip). For dRad60 Ip in Fig. 2c, 3 .6 × 10 8 cells expressing FHA-dRad60 and GFP-Dgrn were pelleted and snap-frozen before and after exposure to ionizing radiation. Pellets were incubated in lysis buffer B (50 mM Tris, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 0.2% Nonidet P-40, protease inhibitors (Complete, Roche), 1 mM phenylmethyl sulphonyl fluoride, and 25 mM NEM) for 30 min at 4 • C. Lysates were pelleted at 4 • C, and the supernatant was incubated with FLAG-M2 agarose beads (Sigma) or beads without antibodies as a control, for 5 h at 4 • C. Beads were washed 5× with lysis buffer B and heated in loading buffer for 3 min at 95 • C for SDS-PAGE. dRad60 Ip in Fig. 2d (top) was performed as described for Fig. 2c , except that 3 × 10 8 cells expressing FHA-dRad60 (or Kc cells, as a control) were used, and Ip was performed with FLAG-M2 agarose beads for both FHA-dRad60-expressing cells and control cells.
For Dgrn Ip (Fig. 2d , bottom, and Supplementary Fig. 2g ), 3.4 × 10 8 cells expressing GFP-Dgrn (or Kc cells, as a control) were pelleted and snap-frozen before and after exposure to ionizing radiation. Pellets were incubated in lysis buffer C (50 mM Hepes, 10 mM KCl, 2 mM MgCl 2 , 20% glycerol, 1 mM phenylmethyl sulphonyl fluoride, 20 mM NaF, 20 mM glycerol-2-phosphate, 1 mM benzamidine, 0.5% NP-40, 25 mM NEM, 150 mM NaOAc, 250 mM NaCl, and protease inhibitors (Complete, Roche)), and digested with benzonase at 4 • C for 30 min. After isolating soluble lysates by centrifugation, pellets were resuspended in buffer C, extracted with 300 mM sodium acetate for 1 h at 4 • C, and the supernatant was pooled with the soluble lysate. Samples were incubated for 3 h at 4 • C with Protein G-coupled Sepharose beads and 5 µl of goat anti-GFP antibody. Beads were washed 5× with wash buffer C (50 mM Hepes, 10 mM KCl, 2 mM MgCl 2 , 20% glycerol, 0.5% NP-40, 350 mM NaCl, 150 mM NaOAc, and 25 mM NEM), and then heated in loading buffer for 3 min at 95 • C for SDS-PAGE.
Fly stocks and crosses. All fly stocks were raised at 25 • C. We received dPIAS 1 , dPIAS 2 , drad60 51 (CG4449 MI12051 ), nup107 E8 , and smc5 GS14577 from the Bloomington Drosophila Stock Center (BDSC). dgrn DK was from A. Orian and S. Parkhurst 37 . We generated smc5 mutant alleles by mobilization of the P{GSV6} element in the smc5 GS14577 genotype. Imprecise excisions generated the smc5 7 and smc5 19 alleles. smc5 19 sequencing revealed a frameshift in the second exon, leading to an early stop codon. We did not obtain PCR amplifications and sequence for the smc5 7 allele, suggesting a large deletion. The absence of Smc5 protein in smc5 7 and smc5 19 mutants was confirmed by western blotting (Supplementary Fig. 6f ). The perfect excision in the Smc5 17 allele was confirmed by western blotting (Supplementary Fig. 6g ) and sequencing, and used as a control in addition to the standard control y 1 ; ry 506 (yry). Genotypes used in Fig. 6e and Supplementary Fig. 6g . All homozygous and transheterozygous mutants, except for drad60, were generated by crossing heterozygous parents maintained as balanced stocks. drad60 mutants were generated from homozygous parents. Fig. 3b and (d). (d-h) Quantitations of DAPI-weak foci in the experiments described in Fig. 3b (related to Supplementary Fig. 3d ), Fig.  3c (related to Supplementary Fig. 3e ), Fig. 3d (related to Supplementary  Fig. 3f ), Fig. 3e (related to Supplementary Fig. 3g ), and Fig. 3f (related to Supplementary Fig. 3h ). (i) As in Fig. 3f except that 2.5 or 10 Gy were used to induced DSBs (p < 0.05 for all comparisons vs. Ctrl at either 2.5 Gy or 10 Gy, n > 140 cells; error bars represent mean +/-s.d. from three independent experiments, whereas the sample size used to determine p values is the total number of cells for each RNAi and dose, pooled across the three experiments). Ctrl/C = control. Scale bars = 1 μm. Images are middle Z-stacks of nuclei.
Exact n values are in Supplementary 
